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Abstract 
This paper deals with the effects of weld parameters on residual stress developed during TIG welding of pipes. Circumferential 
TIG welding is widely used in industries such as piping, oil refineries, power stations, etc. The 3D numerical simulation ANSYS 
code is used to predict the residual stress distribution developed during circumferential TIG welding. Due to non-uniform 
distribution of plastic and thermal strains in and around the weld pool, large amounts of residual stresses and deformations are 
present in all welded structures. The simulated results are validated using experimental results available in the literature. The 
effects of welding current and pipe thickness on residual stress and temperature fields at different locations were assessed.    
© 2016 The Authors.Published by Elsevier Ltd. 
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1. Introduction 
Welding is a reliable and efficient metal joining process used in almost all industries. Welded joints are 
extensively used in the fabrication industry, including ships, offshore structures, steel bridges, aerospace and 
pressure vessels. Steel pipes have been in widespread use for the engineering applications such as nuclear power 
plants, underground pipelines, etc. 
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1.1. Literature Review 
In 1946 Rosenthal developed a relation for both line and point moving sources. In 1969 Pavelic introduced 
Gaussian form of distribution which is used by many researchers and has been using the same because of its 
simplicity and accuracy of such an assumption. Later John Goldack et al.[1] introduced a double ellipsoidal heat 
distribution model. Sabapathy et al. [2] developed a modified double ellipsoidal heat distribution model. 
Ueda and Yamakawa[3] used 2D finite element analysis to calculate the welding residual stresses for the first 
time. They analyzed the effect of geometry configuration on residual stress and compared the results with X-Ray 
diffraction method. Many others also proposed FEM models to predict residual stresses. R A Owen et al.[4] 
presented a comparison among neutron diffraction, X-ray diffraction, synchrotron X-ray diffraction and Finite 
element model results of residual stress developed during welding of aluminium alloy AA2024. 
Dean Deng et al.[5]developed a 3D FE model for simulating residual stresses during multipass welding of a pipe. 
The distribution of residual stress in welded pipe structures depends on several factors such as structural dimensions, 
material properties, heat input, number of weld pass and welding sequence, etc. Afzaal M. Malik et al. [6] analyzed 
the residual stress fields in circumferentially arc welded thin-walled cylinders. In order to reduce the computational 
time and cost, most of the researchers choose the axisymmetric models. Brickstad and Josefon[7] employed 2D 
axisymmetric model to simulate circumferential welding of stainless steel pipe up to 40 mm thick in a non-linear 
thermo-mechanical finite element analysis. 
In the present study, a three dimensional finite element model is developed to simulate the temperature fields and 
residual stress fields developed during welding of pipes. The model is validated using the experimental results 
presented by Dean Deng et al.[5]. 
2. Physical modeling 
A pipe with outer diameter of 114.3 mm, thickness of 6mm, and a total length of 800 mm as shown in fig.1 is 
considered for the analysis. The welding direction is as indicated in fig.1(a). The meshed model of pipe is shown in 
fig. 1(b).The material used is SUS304 stainless steel and it’s mechanical and thermal properties with varying 
temperature are shown in fig.2. 
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 Fig.1.(a) dimensions of pipe and welding direction: (b) 3D finite element model of pipe  
 
In this study, two pass TIG welding with an inter-pass temperature of 50oC is used. The welding conditions for 
the two passes are as shown in table 1. 
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Table 1.Welding parameters. 
Pass number Current (A) Voltage (V) Speed 
(m/min) 
Weld pool parameters 
a (mm) b (mm) cf,cr(mm) 
1 140 9.5 80 4 3 5, 8 
2 160 9.5 80 4 3 5, 8 
 
 
 
a      b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. (a) Mechanical properties and (b) thermal properties of SUS 304 stainless steel 
 
3. Thermal analysis 
Analysis is done for an un-grooved pipe of diameter 114.3 mm and thickness 6 mm as shown in Fig. 1(b). Since 
the pipe is symmetrical, half of the pipe is only modeled. By using appropriate mesh optimization technique, 
relatively fine mesh is generated in and around the weld lines and comparatively coarse mesh is in areas away from 
weld line as shown in fig .1(a). 8 node brick thermal element is used for the thermal analysis. 
The governing equation for transient heat transfer during welding is given by 
 
ߩܿ డ்
డ௧
ሺݔǡ ݕǡ ݖǡ ݐሻ ൌ െ׏Ǥ ݍሺݔǡ ݕǡ ݖǡ ݐሻ ൅ ܳሺݔǡ ݕǡ ݖǡ ݐሻ       (1) 
  
Where ȡ is the density of the materials, c is the specific heat capacity, T is the temperature, q is the heat flux 
vector, Q is the internal heat generation rate, x, y and z are the coordinates in the reference system, t is time and ׏ is 
the spatial gradient operator. 
To perform the analysis, the heat distribution model is modified in order to accommodate cylindrical coordinates. 
The pipe geometry is generated and TIG welding torch is applied along the circumference using the welding 
parameters given in Table 1. Fig. 5 shows the various weld pool parameters, in a double ellipsoidal distribution 
proposed by Goldak et al. [1]. 
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Fig.3. Weld pool parameters [2] 
 
The parameters a, b, c1 and c2 are related to the characteristics of the welding heat source. The heat source 
parameters are determined by solving empirical relations available in literature of Dean Deng et al. [5].In the present 
study, the heat from the moving welding arc is applied as a volumetric heat source with a double ellipsoidal 
distribution proposed by Goldak et al.[1], and is expressed by the following equations: 
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where x, y and z are the local coordinates of the double ellipsoid model. fi is the fraction of heat deposited in the 
weld region. V and I are the applied voltage and current respectively. Ș is the  arc efficiency for the TIG welding 
process, v is the speed of torch travel in mm/s and t is the time in seconds. The parameters a, b and c are related to 
the characteristics of the welding heat source. The parameters of the heat source are chosen according to the welding 
conditions. 
To consider the heat losses, both the thermal radiation and convective heat transfer on the weld surface are 
accounted. Radiation losses are dominating at higher temperature regions in and around the weld zone, and 
convection losses are prominent at lower temperatures away from the weld zone. An ANSYS APDL user subroutine 
was developed and applied to simulate the combined convective and radiation boundary conditions. The combined 
convective and radiative heat transfer coefficient from Dean Deng et al.[5] is 
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where T is the temperature in oC. 
In order to perform the thermal analysis using ANSYS, the pipe is modelled in cylindrical coordinates. Then 
Goldak equation is modified to accommodate cylindrical coordinates as below, 
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 A subroutine is generated using ANSYS APDL coding to apply the heat generation to the pipe. It is assumed that 
the pipe is welded along its circumference, and side opposite to weld line is assumed to be fixed, in order to get 
faster convergence during numerical analysis. The arc efficiency is assumed to be 70 %.  
The convective thermal boundary condition is employed for all free boundaries of the pipe. The thermal effects 
due to solidification of the weld pool are modelled by using enthalpy method by accounting latent heat of fusion. 
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4. Mechanical analysis 
Mechanical analysis is carried out by the same mesh as used in the thermal analysis. But for the mechanical 
analysis 8-noded brick element is used. During the welding process the solid-state phase transformation does not 
occur in the stainless steel base metal and the weld metal. Therefore the total strain rate can be expressed as follows: 
 
ߝ ൌ ߝ௘ ൅ ߝ௣ ൅ ߝ௧௛          (5) 
 
Where İe is the elastic strain, İp is the plastic strain and İth is the thermal strain. The elastic strain is modelled 
using the isotropic Hooke’s law with temperature- dependant Young’s modulus and Poisson’s ratio and the thermal 
strain is computed using the temperature dependant coefficient of thermal expansion. For the plastic strain, a rate-
independent plastic model is employed with the following features: temperature-dependent mechanical properties 
and linear kinematic hardening model. Kinematic hardening is taken into account as an important feature because 
material points typically undergo both loading and unloading during the course of the welding process. 
In order to get an accurate result of temperature and residual stress fields in the welded pipe, a 3-D model is 
formulated in the present study. The dimensional changes in weldment are negligible so the thermo-mechanical 
behaviour of weldment during welding is simulated using uncoupled formulation, i.e., the thermal and structural 
analysis is done in a sequential manner. Transient thermal analysis is done for thermal field, which contributes to the 
stress analysis through thermal expansion, as well as temperature dependant thermo-physical and mechanical 
properties.  
5. Validation of finite element model 
The finite element code developed is validated using the experimental results presented by Dean Deng et al.[5]. 
Experimental dimensions and parameters are used for generating the numerical model. The predicted results are in 
good agreement with the experimental results as shown in fig.4a and fig.4b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. comparison of FE results with experimental results in (a) outside surface (b) inside surface 
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6. Results and discussion  
6.1. Thermal analysis 
Thermal cycles at different orientations along the weld line at inner and outer surfaces of the pipe are shown in 
fig.5a and fig 5b. The point at the weld zone attains a temperature of about 1800oC and points near the weld pool at 
inner surface of pipe have a maximum temperature of 1450oC. It can see the sudden drop of temperature in 
minimum time intervals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Thermal cycles at three locations on the (a) outer surface (b) inner surface 
6.2. Residual stress 
Figure 6a and fig .6b show the axial stress distribution of the welded pipe at the inner and outer surface of pipe at 
different orientations of 0, 90, 180 and 270 degrees from weld start point. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig .6. Axial stress distribution for various orientations from weld start on (a) outside surface (b) inside surface 
a b 
a b 
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Figure 6a shows the axial stress distribution at the outside surface for different orientations of pipe. From the 
figure it can be seen that at the weld pool the nature of residual stress is compressive, then it gradually decreases and 
after a distance of 20 mm from weld center line its nature changes to tensile, turning to a positive maximum and at a 
distance of 65 mm from the weld line, the stress has a value close to zero i.e., at a distance of about 60-80 mm the 
residual stress has no influence and has a very low value.  The maximum value of the tensile stress is about 237 
MPa and the same in the compressive region is about 420MPa. From the figure it can also observe that the stress 
variation at the weld start position (at 0o orientation) is slight different than the other positions. 
 
From the fig. 6b it can be seen that in all positions the stress pattern is almost the same. From the plot it can be 
seen that the nature of stress is tensile along the weld line and the value of stress gradually decreases and at a 
distance of 20 mm from the weld line, the stress diminishes completely and changes to compressive in nature. It 
further comes to a negative maximum and finally at a distance of 65 mm the residual stress vanishes. A maximum 
stress value in the tensile region is about 460 MPa and at the compressive side it is about 190 MPa. 
 
6.3. Effect of welding current 
Welding residual stresses at the outer and inner surfaces at 90o from weld start point for different welding current 
combinations in two pass welding are as shown in fig.7a and fig.7b. From both the graphs, it is clear that the range 
of stress becomes wider with increasing welding currents. It means that for welding currents 70 A and 100 A 
combinations the limit of stress are about 100 MPa in tension and 350 MPa in compression. But for the 140 A and 
160 A combination the stress range is 300 MPa in tension and 420 MPa in compression. The same is true for the 
stress plot of inside surface of pipe. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7. Variation of residual stress with welding currents on (a) outer surface (b) inner surface 
6.4. Variation of residual stress through the thickness of pipe 
The axial stress variations at different depths through the thickness of pipe are as shown in fig.8. From the figure, 
it is clear that at a distance of 20mm from the weld centerline, the residual stress is zero and its nature changes. 
Above and below that point, the nature of stress is tensile and compressive respectively. 
Further it can be seen that at a distance of 3 mm from the inner surface of pipe, the value of residual stress is very 
less compared to all other depths, which means that at the middle layer of the pipe the residual stress has negligible 
effect, i.e., there exist a layer of zero stress at the middle layer of pipe. 
 
a b 
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                       Fig.8. Variation of residual stress along length of pipe through thickness 
 
7. Conclusion 
The FE model for circumferential welding of pipe is developed and the temperature histories for outer and inner 
surfaces are plotted. The high temperature gradients in the surfaces lead to a plastic deformation in and around the 
weld zone. During the cooling phase due to the shrinkage and deformation in the weld zone a high compressive 
stress is developed on the outer surface and a tensile residual stress is developed on the inner surface. That is, from 
outer surface to inner surface the nature of residual stress changes from compressive to tensile. From the simulated 
results the following points can be concluded: 
x From the simulated finite element model, the temperature distribution and residual stress distribution can be 
plotted. 
x The temperature distributions after the weld source passes are steady in nature. 
x Axial residual stress variation along the thickness has much importance in designing the pressure vessels and 
piping. Residual stress changes from compressive to tensile from outer to inner surface after the welding, and at a 
particular point it diminishes completely. 
x The range of residual stress distribution became wider when welding current increases. 
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